The majority of malignant primary brain tumors are gliomas, derived from glial cells. Grade IV gliomas, Glioblastoma multiforme, are extremely invasive and the clinical prognosis for patients is dismal. Gliomas utilize a number of proteins and pathways to infiltrate the brain parenchyma including ion channels and calcium signaling pathways. In this study, we investigated the localization and functional relevance of transient receptor potential canonical (TRPC) channels in glioma migration. We show that gliomas are attracted in a chemotactic manner to epidermal growth factor (EGF). Stimulation with EGF results in TRPC1 channel localization to the leading edge of migrating D54MG glioma cells. Additionally, TRPC1 channels co-localize with the lipid raft proteins, caveolin-1 and -cholera toxin, and biochemical assays show TRPC1 in the caveolar raft fraction of the membrane. Chemotaxis toward EGF was lost when TRPC channels were pharmacologically inhibited or by shRNA knockdown of TRPC1 channels, yet without affecting unstimulated cell motility. Moreover, lipid raft integrity was required for gliomas chemotaxis. Disruption of lipid rafts not only impaired chemotaxis but also impaired TRPC currents in whole cell recordings and decreased store-operated calcium entry as revealed by ratiomeric calcium imaging. These data indicated that TRPC1 channel association with lipid rafts is essential for glioma chemotaxis in response to stimuli, such as EGF.
. Indeed, it has been proposed that ion channels have a role in setting the intracellular cytoplasmic environment by controlling cell volume, which both affects cytoskeletal elements and is affected by the cytoskeleton (Schwab et al., 2007) . In addition, cell migration depends upon ion channels as calcium channels are known to be important for intracellular calcium concentration (Komuro and Kumada, 2005b) .It has been shown that migrating neurons (Komuro and Rakic, 1998) and glioma cells (Bordey et al., 2000) display oscillatory changes in intracellular Ca 2+ which correlate with the velocity of cell migration. Consequently, channels that allow the influx of Ca 2+ are considered to be particularly important for signaling in migration (Cole and Kohn, 1994) . One family of ion channels that is particularly well suited to participate in Ca 2+ signaling is the transient receptor potential canonical (TRPC) channel family (Louis et al., 2008) .
TRPC channels are tetrameric, non-selective cation channels which are activated by the phospholipase C cascade and involved in agonist-induced calcium entry and store-operated calcium entry (SOCE) (Freichel et al., 2004; Beech, 2005; Worley et al., 2007; Tai et al., 2008) . TRPC channels have been linked to migration and chemotaxis in a number of cell types. For example, in skeletal myoblasts, TRPC1 inhibition decreases calcium signals and migration while activation enhances migration (Louis et al., 2008) . Likewise, in renal epithelial cells, decreased TRPC1 channel expression resulted in decreased migration (Fabian et al., 2008) . Possibly the best example of TRPC involvement in migration stems from chemotactic studies on axonal growth cone guidance. Here, pharmacological and siRNA studies show a role for TRPC1 channels in netrin-1 mediated axonal guidance (Wang and Poo, 2005) . Additionally, TRPC-3 and -6 are involved in axonal growth cone guidance by brain-derived neurotrophic factor (BDNF) as shown by dominant negative studies and siRNA directed against TRPC3 (Li et al., 2005) .
In order for cells to recognize concentration gradients, receptor and channel expression must be polarized. There has been evidence to suggest that TRPC channels and other calcium signaling components important for migration are localized to lipid rafts (McFerrin and Sontheimer, 2005; Manes and Viola, 2006; Pani and Singh, 2009) , specialized membrane domains enriched in cholesterol and sphingolipids (Brown and London, 2000) . The cholesterol composition of lipid rafts attracts proteins with specific post-translational modifications such as glycosylphosphatidlinositol (GPI)-anchors (Simons and Ikonen, 1997) or acylation (Brown and London, 2000) , which direct proteins to the endoplasmic reticulum for trafficking. The spatial constraints of lipid rafts allows for localized signaling to occur between these proteins in processes such as SOCE, a process which TRPC channels are thought to be involved (Beech, 2005; Allen et al., 2007; Worley et al., 2007) .
In a recent study, we described expression and function of TRPC channels in human malignant gliomas and show their involvement in SOCE (Bomben and Sontheimer, 2010) . In the present study, we investigate the role of TRPC channels in glioma migration and chemotaxis. We find that TRPC1 channels are localized to lipid raft domains at the leading edge of migrating cells and that TRPC channel function is essential for glioma chemotaxis toward epidermal growth factor (EGF). Using inducible shRNA plasmids to suppress TRPC1 channel expression, we were able to attenuate glioma chemotaxis toward EGF without affecting non-directed migration; hence, specifically implicating TRPC1 channels in glioma chemotaxis.
in (Bomben and Sontheimer, 2008) in DMEM/F12 with 7% fetal bovine serum. D54MG cells were also used for transfections of shRNA plasmids (Open Biosystems, Huntsville, AL) and clones of the inducible plasmids were generated using puromycin (Sigma-Aldrich, St. Louis, MO) resistance.
Drugs and solutions
The TRPC inhibitors SKF96365, MRS-1845, and 2-aminoethoxydiphenylborane (2-APB) were obtained from Sigma-Aldrich. Puromycin, doxycycline, cyclopiazonic acid (CPA), and methyl--cyclodextrin (M CD) were also obtained from Sigma. Electrophysiological recordings were done in a sulfate and phosphate free bath solution that consisted of the following (in mM): 130 NaCl, 5 KCl, 1 CaCl 2 , 10.5 D-glucose, 32.5 HEPES, pH adjusted to 7.4 with NaOH. For calcium imaging, bath solution consisted of the following (in mM): 125 NaCl, 5 KCl, 1.2 MgSO 4 , 1 CaCl 2 , 1.6 Na 2 HPO 4 , 0.4 NaH 2 PO 4 , 10.5 D-glucose, 32.5 HEPES, pH adjusted to 7.4 with NaOH. Calcium was omitted from the recipe when calcium-free solutions were necessary. Pipette solutions contained the following (in mM): 145 KCl, 1 MgCl 2 , 0.2 CaCl 2 , 10 EGTA, 10 HEPES sodium salt, pH adjusted to 7.2 with Tris-base. For all experiments using M CD, treatment was carried out as follows. M CD, at a concentration of 5 mg/ml, was resuspended in serum free media. Cells were washed twice with serum free media and then incubated with M CD for 15-30 min. Cells were then immediately used for electrophysiology.
Immunocytochemistry
D54MG cells were seeded and stained as described in Bomben and Sontheimer (2008) . For immunocytochemistry on transwell assays, fluorescence blocked transwell migration inserts were used, antibodies were incubated in the same way on the top and bottom of the filter. Following staining, the membrane was cut out of the filter and mounted in between two coverslips for imaging. Confocal images were obtained using a Hamatsu (Hamamatsu City, Japan) IEEE1392 CCD digital camera mounted on an Olympus (Melville, NY) IX81 motorized, inverted microscope containing a disk spinning unit (DSU). The microscope was controlled by Slidebook software (Intelligent Imaging Inovations, Inc., Denver, CO) and image stacks were obtained from scans spaced 0.5 m apart using FITC, TRITC, and DAPI filter sets.
Lipid raft isolation
The entire process of isolation was carried out at 4°C. Following treatment with either SF media (control) or SF media with 5 mg/ml M CD, confluent cultures of cells were washed two times in cold PBS. Cells were collected in TNE (5mm Tris-HCl, pH 7.6, 150mm NaCl, 5mm EDTA) buffer by scraping and centrifuged for 5 min at 12,000g. The supernatant was aspirated, and cells were resuspended in 500 l of TNE and mechanically homogenized. Protein concentrations were determined using the DC protein assay kit (Bio-Rad, Hercules, CA) according to manufacturer's instructions. After determining protein concentration, all samples were diluted to the same concentration (typically 1 mg/ml) and the same volume to allow for comparison between samples. Lysates were then centrifuged for 1 h at 5,000 rpm, and the supernatant was transferred to another tube and labeled the "water-soluble" fraction. The remaining pellet was resuspended in cold lysis buffer (1% Triton X-100 in TNE buffer) and incubated on ice for 15 min with occasional vortexing. The water-insoluble fraction was then centrifuged at 5,000 rpm for 30 min. The supernatant was removed and labeled the "detergent-soluble" fraction. The pellet was then resuspended in a 40% Optiprep solution (60% stock Optiprep diluted in TNE) and placed in an ultracentrifuge tube. 3.5 ml of a 30% Optiprep solution were then layered on top of the 40% layer. Finally, 0.5 ml of a 5% Optiprep solution was layered on top. The samples were spun in a Beckman Ultracentrifuge using the SW-60 swinging bucket rotor at 36,000 rpm for 16 h at 4°C. Following centrifugation, 500-l fractions were collected from the top to the bottom of each sample and numbered 1-9. Samples were then loaded onto a 4-20% gradient SDS-polyacrylamide gel and run according to the Western blotting protocol.
Western blots
Blots were run as described in Bomben and Sontheimer (2008) . We obtained antibodies from Alomone Labs Ltd., Jerusalem, Israel (TRPC1), Abcam, Cambridge, MA ( -cholera toxin, EGFR), and Santa Cruz, Santa Cruz, CA (caveolin-1).
Transfections of shRNA and control plasmids
To knockdown TRPC1, we obtained pGIPZ-lentiviral shRNAmir vectors containing either non-silencing (NS) scrambled sequence or one of two hairpin sequences targeting TRPC1 (Open Biosystems). Plasmids were catalog numbers RHS4346 (NS), RHS4430-98486752 (shRNA1), RHS4430-99292249 (shRNA2) . The pGIPZ vectors also expressed GFP, to identify transfected cells. For inducible knockdown, pTRIPZ-lentiviral vectors were obtained (catalog numbers RHS4743 and RHS4696-99683013) for NS and shRNA1 plasmids respectively and TurboRed ® expression indicated induction of shRNA. Cells were transfected as described in Weaver et al. (2006) . To generate stable lines, 1 g/ml puromycin treatment began 96 h after transfection. After selection, cells were passaged (density: 0.5 cells/100 l) into 96-well plates and scored for single colonies.
Calcium imaging
Cells were loaded with Fura-2-acetoxymethylester (5 mol/L, TEFLABS) reconstituted in 20% (w/v) pluronic acid in DMSO (Invitrogen, Carlsbad, CA). For SOCE, cells were in normal bath (containing calcium) and placed on microscope to equilibrate. Recordings were obtained with an Olympus DSU fluorescent imaging microscope where cells were alternately excited at 340 and 380 nm. Emitted light was collected at >520 nm. Slidebook software (Intelligent Imaging Innovations, Inc.) digitized images and obtained 340:380 nm ratios. After obtaining baselines, cells were rinsed twice and calcium-free bath was applied. Resuming imaging, we collected baseline data then added 10 M CPA (first peak). After 10 min, extracellular calcium was restored to 1mM (second peak) and imaging continued for 10 min.
Electrophysiology
Recordings of whole-cell currents were made using an Axopatch 200A amplifier (Axon Instruments, Foster City, CA) following standard recording techniques (Hamill et al., 1981) and described in Bomben and Sontheimer (2008) .
Migration assay
One day prior to the experiment, a 70% confluent dish of cells was aspirated and supplied with serum-free media overnight. Cell culture inserts (BD Biosciences, San Diego, CA) with 8-m pores were coated overnight with Vitronectin (BD Biosciences) at a concentration of 5 g/ml in PBS. The following day, inserts were blocked with 1% fatty acid-free bovine serum albumin for 1 h. Inserts were then washed two times in PBS, and 400 l of migration assay buffer (MAB, 0.1% fatty acid-free bovine serum albumin in serum-free media) was added to the bottom of each well. Cells were rinsed once in PBS and were lifted off the dish by the addition of 0.5mm EGTA for 20 min. Cells were rinsed twice by centrifugation and resuspended in MAB and counted. Forty thousand cells were plated on top of each filter and allowed to adhere for 30 min before drug was added. When EGF was added to the filters, it was only added to the bottom of the filter for chemotaxis as opposed to application to both sides of the filter. After addition of drug, cells were allowed to migrate for 5 h. Filters were then fixed and stained with Crystal Violet, and the tops were wiped clean of cells, and representative fields (five per filter) were counted with a Zeiss Axiovert 200M microscope with a 20× objective.
Data analysis
Results were analyzed using Origin (v.6.0, MicroCal Software, Northhampton, MA). Significance was determined by one-way ANOVA or Student's t-tests, as appropriate, since all data showed normal distribution. All data reported are mean±SEM and *denotes P<0.05 unless otherwise stated.
Results

TRPC channels co-localize with lipid raft proteins at the leading edge of glioma cells
As channels that are potentially important for calcium entry, TRPC channels have been shown, in some cells, to localize to particular microdomains, called lipid rafts, in the plasma membrane (Beech, 2005) . The two types of lipid rafts described are planar rafts and caveolae (Nicolau et al., 2006) . Because of the cholesterol composition of the rafts, marker proteins that often segregate to lipid rafts are caveolin-1 and -cholera toxin (Brown and London, 2000; Allen et al., 2007) . To assess whether TRPC1 channels localize to lipid rafts, we performed immunocytochemistry on D54MG glioma cells, derived from a grade IV glioblastoma multiforme patient. Using confocal microscopy, image stacks in Figure 1A revealed TRPC1 channels co-localized to regions of the plasma membrane with caveolin-1. To look more closely at regions of co-localization, a single 0.5 m z-plane is shown in Figure 1B , where we utilized the three-dimensional image, at this plane, of D54 cells stained with caveolin and TRPC1 channel antibodies (white arrows in side views point out leading edge co-localization). We also see that another lipid raft marker, -cholera toxin, colocalized with TRPC1 channels at a protruding edge of glioma cells (Fig. 1C ).
To confirm that TRPC1 channels localize to lipid rafts, we turned to a well characterized biochemical separation of lipid raft components (Rujoi et al., 2003) . The protocol separates whole cell lysates into water-soluble, detergent-soluble, and detergent-insoluble fractions at 4°C as determined by their relative solubilities in aqueous solutions with or without detergent. Cytosolic constituents were isolated within the water-soluble fraction leaving behind membrane and cytoskeletal elements. These elements were further dissociated into both a detergent-soluble fraction that was solubilized in Triton X-100, containing membrane-associated proteins and detergent-insoluble proteins. The detergent-insoluble fraction consists of cytoskeletal proteins as well as proteins associated with regions of the membrane exhibiting concentrated amounts of lipid which renders them insoluble in detergent at 4°C. The insoluble fraction was further separated into nine fractions by discontinuous gradient centrifugation. All 11 isolated fractions were run on an SDSpolyacrylamide gel and then Western blotted and probed for both lipid raft markers and TRPC1 channels. As shown in Figure 1D , caveolin-1, a common lipid raft-associated protein used to biochemically define the lipid raft containing gradient fractions, was found in fraction 2 of the gradient. Since lipid rafts are buoyant in the density gradient, this lane is referred to as the lipid raft fraction. A smaller proportion of caveolin-1 was also found in the detergent-soluble lane, which likely consisted of partial solubilization of some lipid rafts. Intriguingly, the lipid raft fraction was where the majority of TRPC1 channels were seen (Fig. 1D) , which implies that TRPC1 channels localize to lipid raft microdomains when glioma cells are maintained in normal growth conditions.
One mechanism of disrupting the formation of lipid rafts is by maintaining cells chronically in serum-free conditions. This depletes the rafts of cholesterol (Weaver et al., 2007) . When D54MG cells were chronically serum deprived for 3 days, we observed that a greater proportion of caveolin-1 localized to the detergent soluble fraction indicating that lipid rafts were indeed disrupted. Importantly, we also observed that TRPC1 channels no longer localized to the lipid raft fraction (Fig. 1E) . In fact, following serum depletion, TRPC1 channels associated with the detergent soluble fraction of the biochemical isolation. Importantly, as shown in Supplemental Figure 1A , serum starvation does not alter the amount of TRPC1 channels localized to the plasma membrane as revealed by biotinylations of surface proteins and western blot analysis. This implies that the localization of TRPC1 channels to the detergent soluble fraction when lipid rafts were disrupted did not remove these channels from the plasma membrane.
Disruption of lipid rafts impairs TRPC channel function
Since TRPC1 channels localized to lipid rafts, we next wanted to determine whether this localization affected their function. We have previously reported that TRPC channels mediate small, linear currents in D54MG cells that are inhibited by pharmacological TRPC inhibitors such as SKF96365 and 2-APB (Bomben and Sontheimer, 2008) . Patch clamp recordings were obtained, under conditions where large conductance K + channels were inhibited with paxilline (Basrai et al., 2002) , and by applying 100 ms voltage steps ranging from −80 to 140mV from a holding potential of −40 mV. The subtraction of currents before and after drug application allowed for the isolation of drug sensitive current. By whole-cell patch clamp electrophysiology, D54MG cells grown under control conditions displayed small, linear currents using this voltage step protocol. Figure 2A illustrates mean data from electrophysiological recordings from 17 cells in which the SKF-sensitive current was determined and normalized to the membrane capacitance for each cell and plotted as a function of voltage. In contrast, D54MG cells that were chronically deprived of serum for 3 days displayed no SKF-sensitive current (n=16), which implicated TRPC1 lipid raft localization as important for TRPC channel function. To further investigate TRPC1 channel function in relation to localization within lipid rafts, we utilized M CD, a member of the cyclodextrin family of oligosaccharides, which is used to solubilize cholesterol in aqueous solutions (Hartel et al., 1998) . Additionally, M CD has been shown to remove and sequester cholesterol from the plasma membrane (Christian et al., 1997) . We have previously demonstrated that M CD disrupts lipid raft in glioma cells (Weaver et al., 2007) . Treatment with M CD involved dissolving the compound in serum free media; however, acute treatment in serum free media was not sufficient to affect SKF-sensitive currents (n=25). When D54MG cells were treated with M CD for 15-30 min (n=24), the SKF-sensitive current no longer displayed linear voltage-independent properties as seen in control conditions. This indicated that disruption of lipid rafts, by acute or chronic cholesterol depletion, interfered with TRPC channels function. This loss of SKF-sensitive current indicated that TRPC1 channels were functionally associated with lipid rafts.
Lipid raft disruption inhibits store-operated calcium entry in gliomas
TRPC channels play a role in the process of SOCE (Liao et al., 2009 ) whereby depletion of endoplasmic reticulum Ca 2+ stores triggers the influx of Ca 2+ across the cell membrane presumably via TRPC channels. We have recently shown that TRPC channels, particularly TRPC1, are involved in SOCE in glioma cells (Bomben and Sontheimer, 2010) . In order to assess whether TRPC1 channel lipid raft association also affected SOCE, we used quantitative intracellular Ca 2+ imaging with the ratiometric dye FURA-2. To visualize extracellular calcium entry through store-operated channels (SOC), the experimental protocol first required that the endoplasmic reticulum stores be emptied using 10 M CPA in an extracellular bath free of calcium. This store depletion then signals SOC on the plasma membrane to open. Once stores were emptied for 10 min, 1mM extracellular calcium was applied and calcium entry from the extracellular space was observed. The experiments utilizing this protocol are demonstrated in Figure 2B . The initial increase in [Ca 2+ ] i following store depletion with CPA (first peak) was followed by the rapid entry of Ca 2+ upon application of 1mM extracellular Ca 2+ (second peak) and was prominent in control cells grown in normal serum conditions (n=341). This second peak was much attenuated when D54MG cells had been chronically starved of serum for 3 days (n=335). Analysis of peak data indicated that SOCE was decreased significantly (P<0.05) by 41±1% (Fig. 2C) . This implies that lipid rafts are important for SOCE in gliomas most likely by affecting TRPC channel localization.
Epidermal growth factor stimulation increase glioma chemotaxis, TRPC1 channel localization to the leading edge, and TRPC currents TRPC channels have been shown to be involved in both migration and chemotactic movement. In fact, TRPC-3, and -6 channels have been shown to be required for axonal growth cone turning toward netrin-1 and BDNF (Wang and Poo, 2005) . In glioma cells, a receptor that is often chronically amplified is the EGF receptor (EGFR) also known as ErbB-1. EGF stimulation affects both TRPC channel trafficking (Bezzerides et al., 2004) and activation (Beech, 2005; Liu et al., 2009 ). We show here that EGF acts as a chemoattractant for D54MG glioma cells (Fig. 3A) without increasing non-directed migration (n=5). Glioma migration was increased almost fivefold (to 473%; P<0.05) only when 10 ng/ml EGF was applied to the bottom of a transwell filter and not when EGF was applied to both sides. This indicated directional specific migration or chemotaxis. Western blot analysis and immunocytochemistry (Fig. 3B) revealed that D54MG cells expressed the EGFR. In Supplemental Figure 1B , we show that like many growth factors, EGF affects glioma cells in a dose-dependent manner and we further utilized 10 ng/ml EGF as an optimal dose for maximal stimulation. Further, we determined that application of EGF to the bottom of a transwell filter increased expression of TRPC1 channels at the leading edge of glioma cells. When fluorescence-blocked transwell filters were stained with antibodies for the EGF receptor and TRPC1 channels, the leading edge of the glioma cells was demarcated by TRPC1 staining (Fig. 3C ). These staining were done using confocal microscopy after only 3 h of migration to catch populations of cells that have completely moved through the filters and those that were still in the process of migration. In contrast, the top of the transwell filter had non-migrating cells that revealed more ubiquitous staining of the EGF receptor (green) and TRPC1 channels (red) (Fig. 3D) . Additionally, Figure 3E shows TRPC1 staining on the bottom of the filter under unstimulated migration conditions. In cases where EGF was not used to stimulate glioma cells, the localization of TRPC1 channels to the leading edge of glioma cells is not apparent by immunocytochemistry.
To further examine whether EGF stimulation affects TRPC channel functions, we again utilized voltage steps in whole-cell patch clamp recordings. We have previously shown that 2-aminoethoxyphenylborane (2-APB) blocks small, linear currents similar to SKF96365 TRPC channel inhibitors (Bomben and Sontheimer, 2008) . Applying 10 ng/ml EGF to glioma cells (n=10) before the TRPC channel inhibitor 2-APB, resulted in a change in the TRPC inhibitor sensitive current (Fig. 1G ) from control conditions (n=11). When EGF was applied to glioma cells, a significantly greater conductance was blocked by 2-APB at voltages below −30mV in comparison to control conditions. These are voltages that glioma cells typically rest which indicates that application of EGF can alter TRPC channel function.
TRPC channel inhibition decreases glioma transwell migration
Calcium signaling, lipid raft components, and TRPC channels have all been implicated in cellular migration (Wang and Poo, 2005; Manes and Viola, 2006; Zheng and Poo, 2007; Louis et al., 2008) . In light of this evidence and the knowledge that TRPC1 is localized to lipid rafts, we investigated whether pharmacological inhibitors to TRPC channels would decrease glioma migration. To assay this, we used three pharmacological inhibitors of TRPC channels, namely 25 M SKF96365, 100 M 2-APB, and 100 M MRS1845, which are concentrations we have previously determined inhibit TRPC channels as demonstrated by whole cell patch clamp electrophysiology and SOCE experiments (Bomben and Sontheimer, 2010) . D54MG cells were harvested, treated with drug, and plated on transwell migration assay inserts (n=5). The glioma cells were then allowed to migrate for 5 h and cells in the presence or absence of drug. Cells were counted as migrated if their nuclei were present on the bottom of the filter. We found that in the presence of TRPC channel inhibitors, glioma migration was reduced by 98±1%, 47±5%, and 58±6% with 2-APB, MRS1845, and SKF treatment, respectively (Fig. 3F) . Though none of these inhibitors is completely specific, SKF and MRS1845 have both been reported to block calcium entry through TRPC channels (Malarkey et al., 2008) . The third inhibitor, 2-APB, also inhibits the inositol triphosphate receptor (IP3R) (Weaver et al., 2007) , which likely accounts for increased block of migration compared to the other inhibitors.
TRPC1 channel inhibition does not impact basal glioma migration
Since TRPC1 channels have specifically been shown to be involved in migration of cells (Fabian et al., 2008; Louis et al., 2008) and we saw increased leading edge expression, we wanted to test whether glioma cells with decreased TRPC1 channel expression would migrate as well as control glioma cells. We previously stably transfected D54MG cells with an inducible shRNA plasmid directed against TRPC1 (Bomben and Sontheimer, 2010) . In these cells, when doxycycline is present, the shRNA is transcribed along with a TurboRed ® protein. We previously reported that this shRNA decreases TRPC1 protein expression, SKFsensitive currents, SOCE, and glioma proliferation (Bomben and Sontheimer, 2010) . Morphologically, the leading edge staining that we observed with TRPC1 channels (green) was decreased with doxycycline treatment (Fig. 4B ) as compared to control cells and noninduced TRPC1 shRNA cells (Fig. 4A) . However, when plated on transwell migration inserts with equal cell numbers after 5 days of treatment with doxycycline (n=5), we observed no difference in unstimulated glioma motility (Fig. 4C ). This indicated that TRPC1 channels are not involved in the non-directed transwell migration of glioma cells.
Lipid raft integrity and TRPC channels are essential for EGF chemotaxis
TRPC channels have been associated with chemotactic movement toward growth factors. Since the localization of TRPC1 channels to lipid rafts was shown to be important for TRPC channel function, we first investigated whether lipid raft disruption impaired chemotaxis toward EGF. In Figure 5A , we show that M CD treatment (n=5) did not significantly affect basal glioma transwell migration (87±8%) of control (P>0.05) while chemotactic migration (217±17%) was attenuated in comparison to control (366±21%) (P<0.05). This indicated that lipid raft integrity is important for chemotactic movement.
Since EGF stimulated TRPC1 channel localization to the leading edge of migrating gliomas, we wanted to determine whether TRPC channels, TRPC1 channels in particular, contributed to chemotactic movement toward EGF. To ascertain whether TRPC channels are important for EGF induced migration, we again utilized transwell migration assay inserts, harvested cells and pharmacologically inhibited TRPC channels with either control (0.1% DMSO), 100 M 2-APB, 100 M MRS1845, or 25 M SKF96365. While TRPC channels were inhibited, we stimulated glioma cells with EGF on the bottom of the transwell filter and allowed them to migrate for 5h (n=5). When TRPC channels were inhibited, EGF did not increase migration either in comparison to control conditions or in comparison to drug conditions without EGF stimulation (Fig. 5B) . Migration remained at just 1±0.1%, 73±10%, and 48±8% for 2-APB, MRS1845, and SKF, respectively, when also stimulated with EGF. This suggests that calcium dynamics through TRPC channels play an important role in directed glioma migration.
To further ascertain whether TRPC1 channels specifically play a role in chemotaxis toward EGF, control and TRPC1 shRNA cells were treated with or without doxycycline for 4-5 days. Following treatment, equal numbers of cells were plated on transwell filters and half of each condition stimulated to migrate with EGF. While EGF significantly enhanced glioma migration in all conditions, the inducible TRPC1 shRNA cells migration was not enhanced to the same extent as the other conditions (n=6). As shown in Figure 5C , control cells stimulated with EGF were enhanced 354±22% in the absence of doxycycline and 356±20% in the presence of doxycycline. TRPC1 shRNA stimulated with EGF were enhanced 351±17% in the absence of doxycycline and 278±14% in the presence of doxycycline. Since the EGF chemotactic effect was significantly attenuated compared to control cells and non-induced TRPC1 shRNA cells, TRPC1 channels appear to impact glioma chemotaxis. These results also implied that there are either other TRPC channels involved in basal migration and chemotaxis or that the level of TRPC1 knockdown achieved was insufficient to affect basal migration.
Discussion
Glioma invasion is a much studied but complex and poorly understood phenomenon. Here we show that glioma cells migrate along an EGF gradient being chemotactically attracted to EGF but without any effect of EGF on cell motility per se since glioma migration was increased only when EGF was applied in a directed manner. This chemotactic migration was lost when TRPC channels were inhibited pharmacologically and reduced when the expression of TRPC1 was compromised through shRNA knockdown. Interestingly, TRPC1 channels localize to the leading edge of migrating glioma cells where they co-localize with markers of caveolar lipid rafts. This raft association appears important since disruption of lipid rafts by depletion of cholesterol impaired TRPC1 channels, channel-mediated Ca 2+ entry and EGF mediated chemotaxis.
While pharmacological inhibitors of TRPC channels, which lack specificity for individual members of the TRPC family, showed an almost complete loss of chemotaxis, a shRNA mediated knockdown of TRPC1 significantly reduced but did not eliminate chemotaxis. This suggests that, while TRPC1 channels are involved in EGF chemotaxis, they are likely not the sole TRPC channel involved in the process. We have previously reported TRPC-1, -3, -4, -5 expression in glioma cells (Bomben and Sontheimer, 2008) and, in a recent study, have shown that shRNA inhibition of TRPC1 channels decreases, but does not completely inhibit, both TRPC1 channel expression and SOCE (Bomben and Sontheimer, 2010) . This incomplete reduction of SOCE in comparison to pharmacological inhibitors implies that there is still calcium entry possible through remaining TRPC1 channels or other TRPC subunits.
Calcium signaling has been shown to play important roles in glioma cell invasion (Komuro and Kumada, 2005a) . Particularly, the localization of the calcium signal in both space and time has important consequences for the downstream physiological response (Gomez et al., 2001; Manes and Viola, 2006) . Additionally, lipid raft integrity is important for chemotaxis in many cell types including breast cancer cells and lymphocytes (Feske, 2007; El Hiani et al., 2009) . Following trafficking to the plasma membrane, proteins that are important for signal transduction sequester to lipid rafts, in part, because of post-translational modifications that confer an affinity for cholesterol-enriched domains (Simons and Ikonen, 1997; Brown and London, 2000) . The EGF receptor has been shown to localize to lipid rafts (Takebayashi et al., 2004) and, in human breast cancer cells, this localization is essential for chemotaxis (El Hiani et al., 2009) . Additional signal transduction components such as TRPC channels, particularly TRPC1, have been shown to localize to lipid rafts (Remillard and Yuan, 2006) . Further, signaling components for SOCE have been linked to caveolar lipid rafts (Pani and Singh, 2009 ). TRPC1 channels, in particular, have been shown to directly interact with caveolin and this interaction was shown to have a role in calcium entry (Beech, 2005; Remillard and Yuan, 2006) . Stromal interacting molecule-1 (STIM 1), a key component of SOCE, has also been shown to scaffold with lipid raft domains upon stimulation in HEK293 cells (Liao et al., 2008; Liao et al., 2009) and it has been proposed that the localization of TRPC1 and other components to lipid rafts is what confers SOCE ability (Jardin et al., 2008; Pani and Singh, 2009) . We now show that TRPC1 channels localize to lipid rafts and that this localization is important for SOCE in glioma cells. As channels localize to lipid rafts and that this localization is important for SOCE in glioma cells. As signaling components, including TRPC channels, to lipid rafts that enhances glioma migration and chemotaxis.
Since glioma cells can restructure the extracellular matrix and respond to extracellular cues, individual cells invade diffusely throughout the brain (Bellail et al., 2004; Johnson et al., 2009 ) and this invasion is a primary reason gliomas remain difficult to resect (Giese et al., 2003) . The mature brain is typically not a permissive environment for differentiated glial cells to migrate; therefore, mechanisms that glioma cells utilize to invade must be investigated thoroughly (Cayre et al., 2009 ). An important regulator of glioma signaling is the EGFR as it has been shown to be mutated or amplified in many glioblastoma patients (Bryant et al., 2004) . Here, we find another important role for the receptor as its ligand is important for glioma chemotactic movement. Further, we have shown that TRPC channels mediate the chemotactic migration of glioma cells toward EGF and future studies on the role of TRPC channels in normal and malignant glial migration would be essential. Specific pharmacological inhibitors for TRPC channels may have therapeutic value in controlling glioma invasion and future studies should address this question.
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Fig. 1.
TRPC1 channels localize to lipid rafts of glioma cells. A: Immunocytochemistry on D54MG cells revealed co-localization with TRPC1 channels (red) and caveolin-1 (green) on protruding edges of glioma cells. B: Three-view image of D54MG cells stained with TRPC1 channels (red) and caveolin-1 (green). White arrows within the merged image show the line scans of the side views demonstrated within this 0.5 m z-plane. White arrows within the side views of the image point out co-localization of TRPC1 andcaveolin-1 attheedge of the glioma cell. C: -Choleratoxin (green) and TRPC1 channels (red) were also co-localized on the protruding edge of glioma cells. D: In D54MG cells grown in serum conditions, TRPC1 channels were located in the lipid raft fraction of detergent insoluble proteins fractionated by density gradient. Since lipid rafts are buoyant between the first two fractions, the proteins associated with these rafts (i.e., caveolin-1) fractionated to the second fraction. A small proportion of caveolin-1 was also located within the detergent soluble fraction. E: In chronic serum starvation conditions, TRPC1 channels were located in the detergent soluble fraction of the biochemical dissociation and the majority proportion of caveolin-1 became localized to the detergent soluble fraction. Lipid raft disruption impairs TRPC channel function. A:Whole-cell patch clamp recordings were used to isolate currents sensitive to 25 M SKF96365, a TRPC inhibitor. The drug sensitive current was plotted as a function of applied voltage. In normal serum conditions, D54MG cells displayed small, linear SKF-sensitive currents (n=17). When lipid rafts were disrupted with either chronic serum depletion (n=16) or M CD (n=24), D54MG cells did not display SKF-sensitive currents. Acute serum conditions (n=25) were used for M CD treatment, but did not themselves affect SKF-sensitive currents. B: Plots of Fura-2 imaging using the SOCE protocol (see Materials and Methods Section). SOCE was significantly decreased (P<0.05) with chronic serum depletion disruption of lipid rafts (n=335) as compared to cell grown in normal serum conditions (n=341). C: Quantification of SOCE peak revealed that chronic serum depletion to disrupt lipid rafts decreased SOCE by 41±1% (P < 0.05). EGF stimulates glioma chemotaxis. A: Epidermal growth factor stimulated glioma migration in a chemotactic manner up to 473% (P<0.05), but not chemokinesis since EGF application to both sides of the filter did not enhance migration. B: Western blot and immunocytochemistry revealed EGFR expression in D54MG cells. Immunocytochemistry revealed diffuse localization of the EGFR (green) and TRPC1 channels (red) in D54MG cells. Scale bar is 20 m. C: Immunocytochemistry on the bottom of fluorescence blocked transwell filters revealed increased TRPC1 channel expression (red) on the leading edge of glioma cells when stimulated in a chemotactic manner with EGF. Scale bar is 20 m. D: Immunocytochemistry on the top of fluorescence blocked transwell filters revealed ubiquitous expression of the EGF receptor (green) and TRPC1 channels (red). Scale bar is 20 m. E: Immunocytochemistry on the bottom of a fluorescence blocked transwell migration filter without EGF stimulation did not appear to increase TRPC1 channel expression (red) on the leading edge of gliomacells. Scale bar is 20 m. F: Transwell migration inserts were used to assay glioma migration (n = 5). TRPC inhibitors 100 M 2- Lipid raft disruption or TRPC channel inhibition decreases glioma chemotaxis toward EGF. A: Treatment with the lipid raft disrupter M CD (n=5) did not significantly decrease the amount of unstimulated glioma migration (87±8%) of control (P > 0.05) while chemotactic migration in the presence of M CD (217±17%) was significantly attenuated in comparison to control chemotaxis (366±21%).B:In the presence of pharmacological inhibitors 2-APB, MRS1845, and SKF96365, EGF was not able to stimulate glioma chemotaxis and cells migrated only 1±0.1%, 73±10%, and 48±8% in comparison to control (DMSO), which were stimulated 184±13%. C: D54MG cells transfected with inducible shRNA plasmids were stimulated in a chemotactic manner with EGF. Non-induced control, induced control, and non-induced TRPC1 shRNA cells were stimulated 354±22%, 356±20%, and 351±17%. Cells with induced TRPC1 shRNA had an attenuated response to EGF and were stimulated to 278±14% which was significantly (P < 0.05) less chemotaxis than their sister cells.
